A phosphate solubilizing and antagonistic bacterial strain, isolated from a Western Ghat forest soil in Kerala province, India (designated as NII-0906), showed cold tolerance and grew from 10 to 37 • C (optimum temperature 30 • C). It was a Gram-positive, rod shaped, 0.8-1.6 µm in size, and exhibited tolerance to a wide pH range (5-12; optimum 7.0) and salt concentration up to 7% (w/v). The isolate showed maximum similarity with Exiguobacterium marinum TF-80 T based on 16S rRNA analysis. It solubilized tricalcium phosphate under in vitro conditions. The phosphate solubilization was estimated along a temperature range (5-40 • C), and maximum activity (84.7 µg mL −1 day −1 ) was recorded at 30 • C after 10 days of incubation. The phosphate solubilizing activity coincided with a concomitant decrease in pH of the medium. The isolate also exhibited antifungal activity against phytopathogenic fungi in Petri dish assays and produced siderophore and hydrogen cyanide. The strain's plant growth promotion properties were demonstrated through a cowpea-based bioassay under greenhouse conditions. The bacterial inoculation resulted in significant increment in plant root, stem and as well as in plant biomass. Further, scanning electron microscopic study revealed the root colonization in cowpea. These results could offer potential perspective for the strain to be used as plant growth-promoting rhizobacteria, which could be used as an inoculant for regional crops.
Introduction
The current trend in agriculture is focused on the reduction of chemical pesticides. Inorganic fertilizers have prompted the search for alternatives that sustain agricultural outputs and environmental quality (Ahmed 1995) . Microorganisms are important components of soil and directly or indirectly influence the soil's health through their beneficial or detrimental activities. Rhizosphere microorganisms mediate soil processes such as decomposition, nutrient mobilization and mineralization, nitrogen fixation and denitrification (Kang et al. 2002; Pradhan & Sukla 2005) . Furthermore, solubilization of phosphorus in rhizosphere is the most common mode of action implicated in plant growth-promoting rhizobacteria (PGPR) that increase the nutrient availability to the host plant (Richardson 2001) . PGPR directly stimulate growth by nitrogen fixation (Han et al. 2005) , solubilization of nutrients (Rodriguez & Fraga 1999) , production of growth hormones, 1-amino-cyclopropane-1-carboxylate deaminase (Correa et al. 2004 ) and indirectly by antago-nizing pathogenic fungi by production of siderophores, chitinase, β-1,3-glucanase, antibiotics, fluorescent pigments, and cyanide (Renwick et al. 1991; Pal et al. 2001) . Majority of known PGPR are isolated from rhizosphere (Khalid et al. 2004 ). However, their ability to colonize roots and survive in soil is often limited (Normander & Prosser 2000) . Identification of more potent bacteria from composts can broaden the spectrum of PGPB that can survive and perform well in soil conditions. Conversion of the insoluble forms of phosphorous to a form accessible by plants, like orthophosphate, is an important trait of phosphatesolubilizing rhizobacteria in increasing growth and yield of crop plant (Richardson 2001) . Though the beneficial effects of inoculation of such PGPB have been well documented at several locations, there is an urgent need to evolve regional specific strains that are able to positively influence plant growth in prevailing soil and edaphic conditions (Pandey et al. 1998 ).
The present study was therefore aimed to isolate and characterize the rhizobacteria from different habi- tat of Western Ghat (Kerala, India) to combat the regional agricultural crops.
Material and methods

Strain isolation
The soil used for bacterial isolation was collected from a root-free soil of Western Ghat dense forest in west coast of India, located at an altitude of 900 m above mean sea level in Kerala state. The soil characteristics were pH 6.0, available N (1,231 kg ha −1 ), available P (14.6 kg ha −1 ), available K (189 kg ha −1 ), organic C (18,290 kg ha −1 ). The processed soil sample was serially diluted, spread plated on full strength nutrient agar and incubated at 28 • C for 48 h. A creamish white bacterial colony that was predominant in the isolation plates was purified and maintained on nutrient agar slants and 50% glycerol at −80 • C. All the subsequent experiments were conducted after raising fresh cultures. The ability of the isolates to grow in diverse temperature range was carried out by growing isolate on nutrient broth and incubated separately at different temperatures, i.e. 5-45 • C (at an interval of 5 • C). Results were recorded after every 24 h of at OD at 600 nm.
The ability of the isolate to grow in different salt concentrations was carried out by inoculating bacterial culture on nutrient agar plates supplemented with 0-25% (w/v) NaCl and the plates were incubated at 28 ± 2 • C for three days.
The pH growth range was investigated between 4.0-12.0 at intervals of 1 pH unit, using the buffer system: pH 4.0-5.0: 0.1 M citric acid/0.1 M sodium citrate; pH 6.0-8.0: 0.1 M KH2PO4/0.1 M NaOH; pH 9.0-12.0: 0.1 M NaHCO3/0.1 M Na2CO3.
The ability to use different carbon sources was tested using the Biolog GN2 Microplate method (Biolog, Hayward, CA, USA). Strain NII-0906 was screened for traits that might be associated with ability to functions as PGPB. The test includes P-solubilization, quantification of indole acetic acid and hydrogen cyanide production; each test performed in three independent experiments.
Characterization, identification and phylogenetic analysis Extraction and amplification of genomic DNA for 16S rRNA gene sequence analysis was carried out as described by Cui et al. (2001) . The 16S rRNA gene fragment was amplified by using universal primers corresponding to positions A-8-27f (5'-AGAGTTTGATCCTGGCTCAG-3') and primer B-1492-1510r (5'-AAGGAGGTGATCCAGCCGCA-3'; Escherichia coli numbering system (Weisburg et al. 1991) ). Based on 16S rRNA gene sequences, phylogenetically related bacteria were searched by using a BLAST tool (Altschul et al. 1990 ) against the GenBank database. Multiple alignments with sequences of related taxa of the genus Exiguobacterium were implemented by using CLUSTAL X (Thompson et al. 1997) . The 16S rRNA gene sequence similarity values were calculated by pair-wise comparison (Kimura 1980) . A neighbour-joining phylogenetic tree was constructed (Saitou & Nei 1987) from evolutionary distances calculated using the Jukes-Cantor coefficient (Jukes & Cantor 1969) . The topology of the phylogenetic tree was evaluated by the bootstrap re-sampling method of Felsenstein (1985) with 1,000 replicates. The GenBank/EMBL/DDBJ accession number for the isolate is FJ897495.
Quantitative estimation of phosphate solubilization Initial qualitative estimation of the P-solubilizing activity of the isolate was carried out on Pikovskaya agar (Pikovskaya 1948) and followed by the quantitative estimation of phosphate solubilization as per standard methodology (Mehta & Nautiyal 2001) , by inoculating 1 mL of bacterial suspension (3 × 10 7 cells mL −1 ) in 50 mL of National Botanical Research Institute's phosphate broth in Erlenmeyer flasks (150 mL), and incubating the flasks for 15 days at 30 • C. Every five days of the incubation period the cell suspension was centrifuged at 10,000 rpm for 10 min. Phosphatesolubilization was spectrophotometrically estimated by the ascorbic acid method (Murphy & Riley 1962) . Three independent experiments were conducted in order to observe the effect of cultural conditions for insoluble phosphate solubilization; the bacterial cells were cultured at different temperature 5-45 • C (at an interval 10 • C) and pH ranges from 4.0 to 12.0 (at an interval of one pH unit).
Estimation of indole acetic acid (IAA), HCN and siderophore production Strains were grown in L-broth supplemented with a filtersterilized solution of 1 g L-tryptophan. The liquid medium was inoculated by bacterial culture adjusted to OD 0.5 measured at 600 nm by spectrophotometer. Inoculated tubes were incubated at 30 • C for 24-48 h. After incubation cells were removed from the culture medium by centrifugation (5,000 rpm for 15 min). Auxin was detected in 1 mL of supernatant using Salkowski reagent (Gordon & Weber 1951; Sarwar et al. 1992) . A standard curve was drawn for comparison to determine auxin production by isolates. The presence of IAA was further confirmed by HPLC. Filter-sterilized supernatant was analyzed by using a Shimadzu HPLC equipped with a Hypersil-Keyston ODS column (5 µm; 4.6 × 250 mm). The mobile phase was methanol/water/acetic acid (36:64:1) at a flow rate of 1 mL/min. Eluates were detected at 220 nm and IAA was quantified by integrating the areas under the peaks. Authentic IAA (Sigma) was used as standard.
Isolates, subcultured on quarter-strength King's B agar for 48 h, were initially screened qualitatively for production of cyanide by using picrate/Na2CO3 saturated filter paper fixed to the underside of Petri dish lids (Bakker & Schipper 1987) , which were sealed with parafilm before incubation at 28 • C. Color change of the filter paper from yellow to light brown, brown, or reddish brown was recorded at 4, 24, and 48 h as an indication of weak, moderate, or strong cyanogenic potential, respectively. Reactions from inoculated plates were visually compared with corresponding control plates containing no culture.
The chrome azurole S (CAS) assay was used to detect siderophores produced by rhizobacteria. Siderophore production was tested on Petri dishes contained CAS-agar. The composition of CAS blue solution for this assay was prepared according to pure isolates that were stabbed on CAS agar plates using sterile toothpicks and incubated at 28 • C for 2 weeks in the dark. The colonies with orange zones were considered as siderophore-producing strains. Assay in solid media were carried out in triplicate. The control plates of CAS-agar (uninoculated) were incubated under the same conditions as described above and no color change in the CAS-blue agar was observed, after incubation periods of 1-14 days.
Antagonistic activity
Antagonistic nature of rhizobacterial isolate against phytopathogenic fungi which were procured from Korean Agri-culture Culture Collection (KACC) was determined by employing dual culture technique. Briefly, bacterial isolates were seeded at the edges of 90 mm Petri plates containing potato dextrose agar and incubated for 36 h at 28 ± 2 • C. A 9 mm diameter plug of fungus was placed on the centre of the circle. Plates were incubated at 28 ± 2 • C for 7 days. The radii of the fungal colony towards and away from the bacterial colony were measured. The percentage of growth inhibition was calculated using the formula:
where r is the radius of the fungal colony opposite the bacterial colony and R is the maximum radius of the fungal colony away from the bacterial colony.
Bioassay-based plant growth promotion ability on cowpea
The cowpea seeds were sterilized in 70% ethanol for 2 min and in 2% sodium hypochlorite for 2 min and followed tentimes washing in sterile tap water. For this experiment, pure cultures were grown in tryptone soy broth at 28 • C and diluted to a final concentration of 10 8 colony-forming units (CFU) mL −1 by using sterile saline water (0.85%). The surface sterile seeds were inoculated by immersion in the appropriate PGPR suspension (ca. 10 8 CFU mL −1 ) for 45 min on a rotary shaker (140 rpm), air-dried, and sown immediately. The cell densities in the suspension were adjusted to a final density of approximately 10 8 CFU seed −1 . The following treatments with three replicates with three individual experiments were investigated: (1) control (without bacterial inoculation) and (2)Exiguobacterium sp NII-0906. Pots were sterilized with 20% sodium hypochlorite solution and filled with sterile soil. The loam soil had an organicmatter content of 1.5%, pH 7.7, available Olsen-phosphorus and potassium content of 294.1.3 kg ha −1 and 644 kg ha −1 respectively. Available Fe, Mn, Zn, and Cu contents were 30.5, 7.5, 5.6, and 1.47 kg ha −1 . The cowpea (Vigna unguiculata (L.) Walp.) seeds were sown in plastic pots filled with 1 kg sterile field soil (four seeds in each pot). On 7 th day after sowing, the seedlings were thinned to one plant per hole. The pots were arranged in a completely randomized factorial design and were placed on a platform in the greenhouse. The seedlings were grown in a greenhouse under a day-night cycle of 13-11 h natural light, 20-24 • C, and 60% relative humidity. The pots were watered to 50% waterholding capacity and were maintained at this moisture content by watering to weight every day. For each species and treatment, the plants of three pots were harvested 3 weeks after the emergence of seedlings and washed; morphological characteristics of each plant were recorded: plant height, root length, leaf area, dry shoot and root weights. The total root number per plant (the number of seminal roots + the number of crown roots) was counted after washing away the soil from the roots. At harvest, the root system was separated from shoots, and both were oven-dried for overnight at 70 • C. Statistical analysis was performed with SPSS software, and treatment means were compared at 5% level of significance.
Electron microscopic studies Twenty-day old cowpea seedlings were randomly selected from growth pots of each treatment for electron microscopic examination. Tissue samples from inoculated and non-inoculated seedling roots of cowpea were thoroughly washed in water to remove soil particles and were fixed in 2% glutaraldehyde (made up in 0.1 M cacodylate buffer) in the refrigerator (8 • C) for 1.5 h. Samples were washed two-times in the same buffer for 10 min, post fixed in 1% OsO4 for 4 h, and dehydrated as follows: 30%, 50%, 70%, 85%, and 95% ethanol for 15 min; 100% ethanol, two-times for 15 min each. For scanning electron microscopy, sputter coating, and a JEOL-JSM 5600LV scanning electron microscope operating at 20 kV were used. Root vascular systems and rhizobacteria colonization patterns were observed by scanning electron microscope.
Results
Isolation and identification of the potential isolate Western Ghat forest soil sample contained several group of bacteria and fungi when plated on nutrient agar. A bacterium which was named NII-0906 had a marked insoluble phosphate solubilizing activity as visualized by the clear halo zone developed around the colony after 48 h of incubation at 28 • C in Pikovskaya agar. We also assayed for antagonistic activity against phytopathogenic fungi. Microscopic examination revealed Gee et al. (1980) and Fruhling et al. (2002) . All strains were positive for catalase, D-mannitol and maltose. +, positive; -, negative; w, weakly positive; ND, not determined.
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Exiguobacterium aestuarii TF-16 T (AY594264) that the isolate was Gram-positive, and the cells appeared rods. It produced cream-white, translucent circular colonies with 2-4 mm diameter on nutrient agar at 28 • C after 48 h of incubation. It was able to grow over a wide range of temperature 5-45 • C, with optimum at 28-30 • C. It had a pH tolerance over the range of 4-12, with optimum 7.0 ± 0.5 and could tolerate 7% of NaCl concentration (w/v). The strain was positive for nitrate reduction, degradation of tween 80 and 40, negative for H 2 S, casein utilization, gelatin hydrolysis, starch utilization, phenol degradation, lipase and cellulose. Strain NII-0906 utilizes number of carbon sources presented in Table 1 . Strain NII-0906 was initially identified using the Biolog identification system and that was confirmed by 16S rRNA gene sequencing. The 16S rRNA gene sequence of the isolate had maximum similarity to the sequence of Exiguobacterium marinum TF-80 T (98.5%), Exiguobacterium aurantiacum DSM 6208 T (97.8%), Exiguobacterium profundum 10C T (97.5%) and Exiguobacterium aestuarii TF16 T (97.0%) available in the public domain. The phylogenetic tree (Fig. 1 ) constructed using 16S rRNA gene sequences of other related member of the Exiguobacterium genera revealed that the isolate NII-0906 forms a separate lineage with Exiguobacterium marinum TF-80 T and Exiguobacterium aurantiacum DSM 6208 T . Marginal differences in phenotypic characteristics were detected with Exiguobacterium marinum TF-80 T with which it shares highest sequence similarity (Table 1) .
Bacillus drentensis
Phosphate-solubilization activity and IAA production
The isolate was found to solubilize phosphate at 5 • C to 35 • C. The zone of P-solubilization around the bacterial colony on Pikovskaya agar ranged from 9.3 (minimum, at 5 • C) to 21 mm (maximum at 35 • C) after 15 days of incubation. Quantitative estimation of phosphate solubilization was estimated after incubation at 3, 5, 7, 10 and 15 days. Maximum solubilization was observed in between 30 and 35 • C ( Fig. 2A) . At 30 • C temperature, the bacteria solubilized 53.7 and 66.9 µg/mL after 72 and 90 h of incubation at 35 • C temperature; Psolubilization was 71.5 and 84.72 µg/mL after 72 and 90 h of incubation, after which the solubilization continued to decline with increased incubation. The lowest P-solubilization activity was recorded at 45 • C with 0.26 and 4.58 µg/mL after 72 and 90 h of incubation. The pH of the broth was found to decline, in each case, due to bacterial activity; lowering of pH coincided with increase in the phosphate-solubilizing activity (Fig. 2B ). The bacterial strain was able to grow at all the temperatures tested, and optimum growth was found at 30-35 • C.
The effect of pH on the phosphate solubilization was investigated in the range of pH 3.0 to 11.0. The cell growth and phosphate solubilization varied in all pH units tested. However, pH 9 resulted in less cell growth. High P-solubilization was reported at pH 4.0 and decline of pH will increase the P-solubilization. Strain produced about 37.1 µg/mL of IAA in tryptophan amended media at 30 • C after 48 h incuba- 
Plant growth promotion potential
Bacterized cowpea seedlings recorded 100% and 57.1% higher root and shoot lengths, respectively, compared with uninoculated control (Table 2) . A corresponding significant increase in the root and shoot biomass was also observed. Seed bacterization resulted in greater enhancement of the root growth as compared with the shoot growth. Almost double the dry biomass weight and increase in number of roots were observed in the bacterized treatment over the uninoculated controls.
Scanning electron microscopic observations
Primary root sections of cowpea bacterized with NII-0906 which showed potential plant growth ability was examined by scanning electron microscopy. The results revealed that cells of isolates NII-0906 were consistently distributed on the surface of roots (Fig. 3) . Surface furrows appeared to be located at epidermal cell junctions. Root seedlings free of inoculant bacteria typically revealed a smooth, undamaged epidermal root surface (Fig. 3A) . Root surfaces from isolate NII-0906 inoculated seedlings were colonized with many clusters of cells associated with fibrillar material, which contributed to the formation of microcolonies. Microcolony formation by deleterious bacteria on root surfaces frequently occurs with effective colonization (Begonia et al. 1990 ).
Discussion
Bacterial plant growth promotion is a well-established and complex phenomenon, and is often achieved by the activities of more than one plant growth-promoting traits exhibited by the associated bacterium. In this study, strain Exiguobacterium NII-0906 possessed multiple plant growth traits. Important contributing feature of NII-0906 was the increased P-solubilization, which was four times higher than that of any other Exiguobacterium species. Selvakumar et al. (2008) reported 22.6 ± 2.16 µg/mL per day of P-solubilization at 30 • C and 14.9 µg/mL per day of IAA with Exiguobacterium acetylicum MTCC 8707.
The results demonstrated an increase in the plant growth by seed bacterization. The phosphate solubilization by the isolate could increase the availability of phosphorous in the rhizospheric region. It is a wellestablished fact that improved phosphorous nutrition influences the overall plant growth and root development (Jones & Darrah 1994) . Worldwide, there is a profound need to explore varied agro-ecological niches for the presence of native beneficial micro-organisms. Therefore, finding agricultural inoculants with high phosphate solubilizing ability and protecting the plants from wide range of plant pathogens would be of immense interest for improving the plant health and reducing phosphorous pollution in the soil.
Phosphorous is abundant in several soils and is one of the major nutrients limiting the plant growth. Several studies have examined the ability of different bacterial species to solubilize the insoluble inorganic phosphate compounds, such as tricalcium phosphate, dicalcium phosphate, hydroxyapatite, and rock phosphate (Goldstein 1986; Rodriguez & Fraga, 1999; Vassilev & Vassileva 2003) , such as Pseudomonas, Bacillus, Rhizobium, Burkholderia, Achromobacter, Agrobacterium, Micrococcus, Aereobacter, Flavobacterium and Erwinia. A considerably higher concentration of phosphate solubilizing bacteria is commonly found in the rhizosphere in comparison with non-rhizosphere soil (Sperberg 1958; Katznelson et al. 1962; Raghu & MacRae 1966; Alexander 1977) . In view of environmental concerns and current developments in sustainability, research efforts are concentrated on elaboration of techniques that involve the use of less expensive, though less bio-available sources of plant nutrients, such as rock phosphate, and by the application of phosphate solubilizing bacteria; the agronomic effectiveness can thus be enhanced (Whitelaw 2000) .
The work reported in this study is a part of our continued effort to isolate and identify potential Psolubilizers and plant growth-promoting bacteria from the Western Ghat forest in Kerala (India). The util-ity of such bacterial strains in the context of regional agro-ecosystems is immense considering the unique crop growing situations and the climatic conditions of agricultural systems. Such systems require regional specific microbial inoculants that withstand the regional climate and functional traits for plant growth promotion. The plant growth promotion potential of the bacterial strain dealt in this study requires further evaluation and validation before its use as a bio-inoculant in the agroecosystems of region from where it has been isolated, where the soil condition would be a major determinant of plant and microbial activity. Although more research work would be needed to evaluate their efficiency under temperature stress conditions, it has been well proved that the relative effectiveness of plant inoculation was higher under extreme conditions of soil temperature in different experiments.
